Statins are a family of 3-hydroxy-3-methylglutaryl coenzyme A (HMG CoA) reductase inhibitors that are used to treat hyperlipidemia. Statins have recently been reported to exert anticancer effects on various cancer cells, including breast (1-3), hepatic (4), colon (5, 6), and renal (7) cancer. We previously reported that simvastatin inhibited insulin-like growth factor 1 (IGF1)/insulin-like growth factor 1 receptor (IGF1R) signaling in prostate cancer by reducing the expression of IGF1R in PC-3 cells, which resulted in the inhibition of cell proliferation in vitro (8). Although a large number of patients with cancer receive therapeutic agents, the development of resistance ultimately results in treatment failure. Accordingly, the molecular mechanisms contributing to drug resistance need to be elucidated in more detail in order to identify novel therapeutic targets for cancer.
Statins are a family of 3-hydroxy-3-methylglutaryl coenzyme A (HMG CoA) reductase inhibitors that are used to treat hyperlipidemia. Statins have recently been reported to exert anticancer effects on various cancer cells, including breast (1-3), hepatic (4), colon (5, 6) , and renal (7) cancer. We previously reported that simvastatin inhibited insulin-like growth factor 1 (IGF1)/insulin-like growth factor 1 receptor (IGF1R) signaling in prostate cancer by reducing the expression of IGF1R in PC-3 cells, which resulted in the inhibition of cell proliferation in vitro (8) . Although a large number of patients with cancer receive therapeutic agents, the development of resistance ultimately results in treatment failure. Accordingly, the molecular mechanisms contributing to drug resistance need to be elucidated in more detail in order to identify novel therapeutic targets for cancer.
Survivin, a member of the inhibitors of apoptosis protein family (9) , is selectively expressed in most common human neoplasms (10) . The up-regulation of survivin has been correlated with an advanced grade of carcinoma (11) and poor patient survival in several cancer types, including colorectal (12) and non-small cell lung (13) cancer. Furthermore, increasing evidence suggests that the expression of survivin is associated with drug resistance in cancer cells and cancer-associated endothelial cells (14) (15) (16) (17) (18) (19) .
YM155, a novel small-molecule inhibitor of survivin, was identified by cell-based high-throughput screening (20) . YM155 suppresses the transactivation of survivin by directly binding to its promoter (21) . Cheng et al. reported that YM155 inhibited the expression of survivin at least in part through its inhibition of survivin transcription via the disruption of SP1 interaction with the region of -149 to -71 in the survivin core promoter (22) . YM155 exhibited potent antitumor activity in vitro and induced tumor regression in established xenografts of hormone-refractory prostate cancer (20) , non-Hodgkin lymphoma (23) , non-small cell lung cancer (24) and melanoma (25) . Furthermore, the safety and tolerability of YM155 have been demonstrated in phase I and phase II trials on patients with advanced refractory non-small cell lung carcinoma (26) and unresectable melanoma (27) . In xenograft models, the anticancer efficacy of YM155 in combination with docetaxel (28) or platinum compounds (29) was found to be superior to that of monotherapy (20, 30) . We previously reported that YM155 reversed rapamycin resistance in renal cancer by reducing survivin expression in vitro and in vivo (31) .
This study was intended as an investigation of the efficacy of YM155 and of whether treatment with YM155 reverses statin resistance in a statin-resistant renal clear cell carcinoma cell line (Caki-1-staR) with acquired statin resistance both in vitro and in vivo.
Materials and Methods
Cells and chemicals. The human renal cancer cell line, Caki-1, was purchased from the Japan Health Sciences Foundation (Tokyo, Japan) and cultured in minimal essential medium (MEM) (Invitrogen, Carlsbad, CA, USA) supplemented with fetal bovine serum (FBS; Moregate, Bulimba, Australia).
3-(4,5-Dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulphophenyl)-2H-tetrazolium, inner salt (MTS) was purchased from Promega (Madison, WI, USA). Small interfering ribonucleic acid (siRNA) for survivin (HP Validated siRNA) was purchased from Qiagen (Valencia, CA, USA) (survivin no. SI00299453 and negative control no. 1027310). HP Validated siRNA is predesigned siRNA that has been functionally tested for knockdown efficiency by a quantitative reverse transcription polymerase chain reaction (RT-PCR). YM155 was obtained from Selleck Chemicals (Houston, TX, USA). Simvastatin was purchased from Calbiochem (San, Diego, CA, USA) and Sigma (St. Louis, MO, USA). BALB/c-nu/nu mice (male, 5 weeks old) was purchased from Charles River Laboratories (Yokohama, Japan). Matrigel was obtained from BD Biosciences (Tokyo, Japan). A rabbit polyclonal antibody to survivin (no. NB100-56167) was obtained from Novus Biologicals (Littleton, CO, USA).
Induction of simvastatin resistance in the renal cancer cell line.
Caki-1 cells were initially cultured in MEM containing 100 nM simvastatin and the cells that proliferated were repeatedly subcultured in MEM containing increasing concentrations of simvastatin over a 3-month period. Cells that grew in 10 μM simvastatin were designated as Caki-1-staR.
Cell proliferation assay. The number of living cells was measured using the CellTiter 96 ® AQueous One solution cell proliferation MTS assay according to the manufacturer's instructions. A total of 3×10 3 Caki-1-staR cells were incubated with different concentrations of simvastatin (μM) with/without YM155 (nM) in modififesd Eagle's medium with 1% FBS and antibiotics (penicillin and streptomycin) for periods at 37˚C in a 5% CO 2 atmosphere. siRNA (for survivin or negative control) and HiPerFect Transfection Reagent (Qiagen) were used according to the manufacturer's protocol.
Xenograft model. In order to evaluate the effects of simvastatin with/without YM155 on simvastatin-resistant renal tumor growth in vivo, we used a nude mouse tumor xenograft model. Mice (6 weeks old) were transplanted subcutaneously with 2.5×10 6 Caki-1-staR cells mixed with 100 μl of Matrigel and 100 μl of phosphate buffered saline (PBS) into the right flank. Palpable tumors developed at the injection sites. The mean tumor volume at 13 weeks old was 183 mm 3 (Caki-1-staR) using the following equation: m 1 2 × m 2 × 0.5236, where m 1 represents the short axis and m 2 the long axis. Mice were then stratified into different groups (n=4) such that mean tumor volumes in each group were similar. Every 3 days, animals were treated with simvastatin (20 mg/kg) or YM155 (3 mg/kg) or PBS via intraperitoneal injections. Tumor volume measurements began on day 7 and continued twice a week until the end of the study. After 29 days, mice were sacrificed by cervical dislocation, and primary tumors were carefully removed, photographed, and analyzed for survivin mRNA expression and immunohistochemical staining. The present study was approved by the Gunma University Animal Care and Experimentation Committee (approval number; 15-042).
Tumor hematoxylin-eosin and immunohistochemical staining. An immunohistochemical study was performed using the labeled streptavidin biotin method with a rabbit polyclonal antibody to survivin at a 1:3,000 dilution. Secondary biotinylated anti-rabbit IgG (Vector Laboratories, Burlingame, CA, USA) was used at a 1:800 dilution. All specimens were blindly examined pathologically by a single doctor to confirm immune stainability.
Quantitative real time polymerase chain reaction (RT-PCR)
analysis. We extracted total RNA from cells after treatment and isolated tumor tissue, and reverse-transcribed it for complementary deoxyribonucleic acid (cDNA). Transcript levels were quantified using an ICycler IQ™ system (Hercules, CA, USA) according to the manufacturer's instructions. Amplification was performed in 10 μl of Premix Ex Taq™ using 2 μl of cDNA and a survivin primer (forward, 5'-CCA CCG CAT CTC TAC ATT CA; reverse, 5'-TAT GTT CCT CTA TGG GGT CG). PCR was performed for 1 cycle at 95˚C for 10 minutes, followed by 40 cycles at 95˚C for 15 seconds and 60˚C for 60 seconds. Levels of 18S rRNA transcript (18S rRNA forward, 5'-CGG CTA CCA CAT CCA AGG AA; reverse, 5'-GCT GGA ATT ACC GCG GCT GC) were used as the internal control. Gene expression is shown as fold change vs. expression of controls.
Statistical analysis. Data are expressed as the mean±SD. Student's t-test was used for single comparison of two groups. Differences between values in the simvastatin and YM155 experiments were evaluated by ANOVA using Tukey's post-hoc analysis. ANOVA was also used to compare tumor sizes in mice after the different treatments. In all analyses, a value of p<0.05 was considered to be significant.
Results
Survivin expression in the statin-resistant renal cancer cell line. The viability of Caki-1 cells was significantly inhibited by 1 and 10 μM simvastatin ( Figure 1A) .
The survivin mRNA level was significantly higher in Caki-1-staR cells than that in its parental cell line Caki-1 ( Figure 1B) .
YM155 significantly down-regulates survivin gene expression and enhances the antiproliferative effects of simvastatin treatment in simvastatin-resistant renal cancer cells in vitro.
The inhibition of survivin by siRNA in Caki-1-staR cells significantly reversed simvastatin resistance in these cells as shown by their reduced viability ( Figure 1C) . We investigated whether YM155 inhibits survivin expression in Caki-1-staR cells in vitro. YM155 significantly inhibited survivin mRNA expression in a dosedependent manner ( Figure 1D ). Caki-1-staR cell proliferation was also inhibited by YM155 in a dosedependent manner in the MTS assay ( Figure 1E ). In addition, YM155 significantly enhanced the antiproliferative effects of simvastatin treatment ( Figure 1F ).
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YM155 enhances the therapeutic effect of simvastatin in simvastatin-resistant renal cancer in vivo.
Our in vitro data indicated that YM155 significantly reversed simvastatin resistance in renal cancer cells. Therefore, we administered 
cells were treated for 48 h with simvastatin and the cell proliferation was assessed by the MTS assay. Values are expressed as the mean±SD (n=5). **p<0.01 versus the control. B: Survivin mRNA expression in Caki-1-staR cells and its parental cell line Caki-1 was examined by RT-PCR. Values are expressed as the mean±SD (n=5). **p<0.01 versus Caki-1 cells. C: Simvastatin-resistant Caki-1 cells (Caki-1-staR) with knockdown of survivin or treated with negative siRNA were then treated for 96 h with 10 μM simvastatin, and cell proliferation was examined by the MTS assay. Values are expressed as the mean±SD (n=6). *p<0.05 versus negative siRNA. D: Caki-1-staR cells were treated for 48 h with different doses of YM155 (nM), and survivin expression was examined by RT-PCR. Values are expressed as the mean±SD (n=5). **p<0.01 versus the control, *p<0.05 versus the control. Caki-1-staR cells were treated for 48 h with YM155 alone (E) or in combination [Y (nM)] with simvastatin [S (μM)] (F) and cell proliferation was assessed by the MTS assay. Values are expressed as the mean±SD (n=5). Significantly different at **p<0.01 versus the control.
YM155 and simvastatin was the most effective at inhibiting tumor growth (41% inhibition by day 22) (Figure 2A and B) .
YM155 tended to reduce survivin gene expression in Caki-1-staR tumors (49% inhibition, p=0.08). Treatment with YM155 and simvastatin significantly reduced survivin gene expression in Caki-1-staR tumors (54% inhibition, p=0.04) ( Figure 2C ). Microscopically, there was more necrosis in the YM155-treated group or in the simvastatin and YM155 combination-treated group than in the control group and group treated with simvastatin only. The intensity of survivin staining of viable cells was strong in the control group. Although we were not able to evaluate the degree of the intensity exactly, the intensity of survivin staining of viable cells was weak in some mice in the YM155-treated group and in the simvastatin and YM155 combinationtreatmed group ( Figure 2D ).
Discussion
We studied the efficacy of YM155 and whether YM155 treatment could reverse simvastatin resistance in a simvastatinresistant renal clear cell carcinoma cell line, with acquired simvastatin resistance (Caki-1-staR), in vitro and in vivo.
Previous studies indicated an effect of statins against renal cancer. Khurana et al. investigated the relationship between statins and RCC in a case-control study of 500,000 veterans, and reported that the use of statins correlated with a risk reduction for RCC of 48% (32) . However, one recent metaanalysis suggested that there was no association between statin use and the risk of renal cancer (33) . Regarding the mechanisms underlying the anticancer effects of simvastatin in renal cancer in vitro, Fang et al. rapamycin (mTOR), extracellular signal-regulated kinase (ERK), and Janus kinase 2 (JAK2)/signal transducer and activator of transcription 3 (STAT3) pathways (7) . In the present study, we confirmed that simvastatin inhibited Caki-1 cell proliferation in vitro. However, since the degree of anticancer effects of statin remains unclear, further studies are needed in order to investigate drug-resistant mechanisms. Therefore, we induced simvastatin resistance in a renal cancer cell line.
Among the mechanisms leading to resistance to statin treatment, we targeted survivin, an apoptosis inhibitor. We previously investigated survivin and its relationship with the role of 1a,25-dihydroxyvitamin D3 (1,25D) in prostate cancer cells, and examined the antitumor sensitization effects of survivin inhibition with a 1,25D treatment in hormoneresistant prostate cancer cells (34) . In that study, under the transfection of siRNA against survivin, 1,25D inhibited the proliferation of the 1,25D-resistant prostate cancer cell line DU145. Accordingly, this treatment may become a therapeutic option as 1,25D therapy to remove the role of survivin in hormone-refractory prostate cancer. We also reported that the inhibition of survivin by YM155 reversed rapamycin resistance in renal cancer (31) . In that study, YM155 significantly reduced survivin gene and protein expression levels and cell proliferation in a dose-dependent manner in a rapamycin-resistant renal cell carcinoma cell line (Caki-1-RapR). Furthermore, treatment with YM155 significantly reversed rapamycin resistance in cancer cells. In a xenograft model, the growth of Caki-1-RapR tumors was significantly inhibited by YM155. Furthermore, YM155 significantly enhanced the antitumor effects of rapamycin in Caki-1-RapR tumors. These findings prompted us to confirm the effects of survivin inhibition in a statin-resistant renal cancer model. In the present study, the survivin mRNA level was higher in simvastatin-resistant cells than in their parental simvastatin-sensitive cells. Accordingly, we assumed that treatment that targeted survivin in statin-resistant renal cancer may enhance the therapeutic effects of statins by inhibiting the acquisition of chemoresistance. Furthermore, the knockdown of survivin by siRNA or YM155 in Caki-1-staR cells significantly reversed simvastatin resistance in vitro. YM155 alone and the combination of YM155 and simvastatin also inhibited tumor growth by Caki-1-staR cells through the down-regulation of survivin in vivo. Kaneko et al. reported that the down-regulation of survivin by RNA interference induced apoptosis in a human colon cancer cell line, while its overexpression rendered cells resistant to lovastatin-induced growth inhibition (35) . Our results are consistent with these findings.
In conclusion, we herein demonstrated that YM155 significantly enhanced the tumor-therapeutic efficacy of statin treatment. These results may provide novel strategies to reverse statin resistance in renal cancer.
